We have studied the regulation of urokinase-type plasminogen activator gene expression by cAMP in LLC-Pr^ cells. We found a cAMP responsive region 3.4 kb upstream of the transcription initiation site, which comprised three protein-binding domains designated A, B, and C. Domains A and B both contain a sequence, TGACG, homologous to a consensus cAMP response element (CRE; TGACGTCA). Effective cAMP-medlated induction was achieved when these two domains were linked with domain C, which by itself did not confer cAMP responsiveness to a heterologous promoter nor contained CRE-like sequence, suggesting a functional cooperation among these domains. Results of competition studies using gel retardation and DNase I footprinting assays suggest that there Is a proteinprotein interaction between a CRE binding protein and a domain C binding protein. In gel retardation assays, binding of a nuclear protein to domains A and B was strongly augmented by addition of the catalytic subunit of cAMP-dependent protein kinase, whereas the protein binding to domain C was slightly inhibited, suggesting that protein phosphorylation is involved in the regulation of protein-DNA interaction.
INTRODUCTION
Cultures of LLC-PKj pig kidney epithelial cells express increased levels of urokinase-type plasminogen activator (uPA) mRNA after treatment with the cAMP elevating hormone, calcitonin. The induction of mRNA is mainly due to the transcriptional activation of the gene (1,2), and does not require de novo protein synthesis (1, 3) , suggesting that the factors mediating the response are present before induction. To elucidate the molecular mechanism of cAMP-mediated regulation of uPA gene expression it is necessary to understand both the signal transduction pathway for this system and the biochemical characteristics of the factors involved.
A palindromic consensus sequence for the cAMP response element (CRE; TGACGTCA) has been previously identified in many genes whose expression is modulated by cAMP (4) (5) (6) (7) (8) (9) (10) . The corresponding binding protein (CREB) has been purified (11) and the cDNA encoding the CREB has been cloned (12, 13) . It is unclear if this 8 base pair (bp) sequence alone is sufficient for cAMP-mediated regulation of gene transcription, as there are contradictory reports that support both arguments (4, 7) . It is also unclear how CREB mediates the cAMP response (14) , although cAMP-dependent protein phosphorylation seems to be crucial in cAMP-dependent gene regulation (15) (16) (17) (18) (19) (20) (21) . In contrast to other cAMP regulated genes, the uPA gene contains multiple cAMP responsive regions located over several kilobases of 5' flanking region. In this report we show that one of these cAMP responsive sites, located at 3.4 kb upstream of transcription initiation site, is composed of three protein-binding domains. Protein-protein interaction on these domains seems to play an important role in mediating cAMP action on uPA gene induction.
MATERIALS AND METHODS
Cell culture and nuclear extract preparation LLC-PK[ cells were derived from pig kidney epithelia (22) and cultured in Dulbecco modified Eagle medium (DMEM; Gibco Diagnostics) supplemented with 10% (vol/vol) fetal calf serum (FCS), 0.2 mg of streptomycin per ml and 50 U of penicillin per ml in a humidified incubator at 37°C with 6% CO2. Nuclear extracts (NE) were prepared according to Dignam et al. (23) and modified for LLC-PK! extract as described previously (24) .
Materials
The catalytic subunit (C-SU) of cAMP-dependent protein kinase (cAMP-PK) was a gift of Dr. D. Walsh (University of California, Davis, USA). It was isolated from bovine heart and purified as described (25) . DNA restriction and modification enzymes were purchased from New England BioLabs, Genofit, and Biofinex. DNase I was from Sigma Chemical Co., RNase Tl was from + To whom correspondence should be addressed al Friedrich Miescher-lnstitut, Postfach 2543, CH-4002 Basel, Switzerland 
Clones
The parental plasmid CAT4660 was constructed by the following procedures. The £coRI fragment of a pig uPA genomic phage clone, XYN4 (26) , which contains entire coding region and 4.66 kb and 0.5 kb of 5' and 3' flanking regions, respectively, was subcloned into the EcoRI site of pBR322. Then, the protein coding region that begins in the second exon and ends in the eleventh exon was removed by Xbal digestion and replaced with the chloramphenicol acetyltransferase (CAT) gene prepared from pCM-7 (Pharmacia). This resulted in the uPA-CAT hybrid gene denoted as CAT4660. To obtain 5' flanking deletion templates, we removed a portion of CAT4660 by double digestion with Ndel, which cuts pBR322 at the site near the 5' end of the hybrid gene, and a relevant enzyme which cuts the hybrid gene in the 5' flanking region. The digests were blunt-ended with Klenow fragment, ligated to HirvSS. linkers and recircularized under dilute conditions. The vector pSV3gpt was constructed by digesting pSV2gpt (27) , in which xanthine-guanine phosphoribosyltransferase (XGPRT) gene (gpt) expression is driven by the SV40 early gene promoter, with PvuR and Nsil, which removed the 72 base pair repeats. The plasmid was then recircularized using a PvuU-Nsil adapter. The pSV3gpt-XholNsi series were constructed by subcloning the 149 bp Xhol-Nsil fragment (position -3473 to-3320) of the pig uPA gene into the Xhol-Pstl sites of a derivative of pUC 18 plasmid. The fragment was then excised by EcoRl and HindUl digestion. The fragment was blunt-ended with Klenow and inserted into either the PvuU or BamHl site of pSV3gpt, which had been blunt-ended with Klenow polymerase.
Stable Transfectlon
Eighteen hours prior to transfection, 10 6 LLC-PK, cells were seeded in 100-mm plastic dishes with 10 ml of DMEM containing 10% FCS. The next day, 6-10 /tg uPA-CAT or uPA-gpt chimeric plasmids that had been linearized with Pvul were cotransfected with 0.5 /tg of either pSVlneo (28) or pX343, a vector expressing hygromycin phosphotransferase, by the calcium phosphate precipitation method (29) . Transfections were normalized to 10 /tg total DNA with pBR322, After 24 h, cells were replated at a density of 2 x 10 5 per 100-mm dish in 10 ml of selection medium. After approximately 14 days of drug selection, several thousand colonies were pooled and expanded.
RNA Isolation and measurement of specific mRNAs 1 x 10 6 transfected cells were plated on 60 mm dishes and were allowed to grow for 2 days. The medium was then changed to DMEM (plus 10% FCS) containing 100 ng/ml salmon calcitonin (SCT) or lmM 8-Br-cAMP and incubation was continued for the times indicated. Total RNA was then isolated according to the method of Chomczynski and Sacchi (30) . RNAase start mapping (31) was used to quantitate correctly initiated transcripts. The vectors providing RNA probes for start mapping were prepared by inserting appropriate gene fragments containing transcription initiation sites into the polylinker site of either pSP64 or pGEM2 plasmid. These plasmids were linearized, and uniformly labeled RNA probes were prepared by transcribing with SP6 RNA polymerase in the presence of a radioactive precursor. Total RNA (25 /ig) was hybridized at 45°C with 50,000 cpm of SP6 generated RNA probe in 10 /il hybridization buffer (80% formamide, 40 mM Pipes, pH 6.4, 400 mM NaCl and 1 mM EDTA). After 16 h, the solution was mixed with 300 /il RNase digestion buffer (0.3 M sodium acetate, pH 7.0, lmM EDTA, 10 /ig/ml RNase A, and 1 /ig/ml RNase Tl) and incubated at 37°C for 1 h. The digest was extracted with phenolchloroform (1:1), ethanol precipitated and subjected to electrophoresis in a 5% acrylamide sequencing gel. The gels were transferred to Whatman 3 MM paper, dried and exposed to XOmat AR film (Kodak) at -70°C with an intensifying screen. Quantitation of specific transcription was done by scanning the autoradiogram by a Shimadzu CS-930 densitometer.
Probes for gel retardation and footprinting assays A 780 bp Xhol-Xbal fragment of the uPA 5' flanking region was subcloned into pUC18. The plasmid was digested with Xhol, labeled (3'-end) with Klenow fragment, recut with Xbal and the fragment then purified by gel electrophoresis. The subcloned (pUC18) 149 bp Xhol-Nsil fragment was cut with EcoVl or HindlE, 3' endlabeled with Klenow fragment and recut with HindTH or EcoRI. Cloning of plasmids, 3' endlabeling and fragment isolation procedures were performed following standard techniques (32) . Double stranded DNA oligonucleotides were obtained by annealing the chemically synthesized complementary strands as previously described (24) . The following oligonucleotides were used (only the upper strand): 24mer oligo A, 5'-AATTCTGTGCCTGACGCACAGGAG-3' harboring footprint A (-3414 to -3395); 26mer oligo B, 5'AATTCGGAGG-CCCATGACGAACACTG-3' harboring footprint B (-3398 to -3380); 45mer oligo C, 5'-AATTCCTGGGTGAATGAAT-AAAGGAATAAATGAATGATTTCACAG-3' harboring footprint C (-3379 to -3342); 42mer oligo A+B, 5'-AATTCT-GTGCCTGACGCACAGGAGGCCCATGACGAACACTGG-3' harboring footprint A + B (-3414 to -3378); 33mer oligo Som-CRE, 5'-AATTCGCCTCCTTGGCTGACGTCAGAGA-GAGAG-3' harboring the Somatostatin gene promoter region -60 to -32 (25); 42mer oligo hCG-CRE, 5'-AATTCAAATT-GACGTCATGGTAAAAATTGACGTCATGGTAAG-3' harboring the human a-subunit chorionic gonadotropin gene promoter region -145 to -110 (7); 28mer oligo uPA-Spl, 5'-GATCCAGGCTAGGGCGGGGCCAGGGCTG-3' harboring the uPA gene promoter proximal Spl site (-67 to -43); 40mer oligo, 5'AGCTTCACTTCCACTCTTCTGTCTAACTCATCT-CCGACTA-3' random sequence.
DNAase I footprinting
DNase I protection experiments were performed according to von der Ahe et al. (24) . (A+B) and C: 60 ng; 20 pmol) were methylated by dimethylsulfate for 6 min at 23°(33) and then incubated with 30 Hg of LLC-PK, nuclear extract (NE) in a large scale binding reaction for 25 min at 25 °C. Samples were then loaded onto a preparative DNA-binding gel (see gel retardation assay). After 2 h autoradiography, the bands corresponding unbound and protein-bound forms were separately recovered, cleaved with piperidine and analyzed on sequencing gels.
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Gel retardation assay
Gel retardation experiments were performed according to von der Ahe et al. (24) , with some modifications. Radiolabeled probe (100 fmol; 20,000 cpm) was incubated with various amounts of LLC-PK| NE (1-12 /tg). Following binding, the DNA-protein complexes were resolved on a 6% native polyacrylamide gel (acrylamide to bisacrylamide weight ratio of 30:1) in 3-fold diluted TBE buffer (1XTBE: 89 mM Tris-HCl, 89 mM H3BO3, 2.5 mM EDTA, pH 8.3). Gels were pre-run in TBE buffer for 30-60 min at 7 V/cm and run at 12 V/cm at room temperature. The gels were transferred to Whatman 3 MM paper, dried and autoradiographed.
RESULTS

Several cAMP responsive sites are present in the 5'-flanking region of the uPA gene
To localize cw-acting elements mediating cAMP action, uPA-CAT hybrid genes containing different lengths of 5' flanking region of the uPA gene were co-transfected to LLC-PK, cells with pSV2neo. Stably transfected cells were treated with BrcAMP or SCT for two hours, total RNA was then isolated and specific transcripts were measured by RNA start mapping. Correct initiation and splicing were predicted to give rise to a band of 343 nucleotides. Correctly initiated RNA without splicing would give rise to a band of 260 nucleotides, a consequence of inefficient splicing. We compared only the bands reflecting the mature mRNA. Cells transfected with CAT 4660 produced a 8-fold and 5-fold induction of CAT mRNA over basal level after treatment with SCT and Br-cAMP, respectively (Fig. 1) . Deletion to -3473 (CAT3473) reduced the induction with SCT but not with Br- (Fig. 3A and B, and summarized in Fig. 4) . Three of them, FP-A, -B, and -C, were closely associated but clearly separated by DNAase I hypersensitive or weakly protected sites. The FP-A and -B both contain a CRE-like sequence, TGACG, in the same orientation. Methylation interference assays showed that guanine nucleotides in TGACG sequence in FP-A and -B are critical for protein-DNA interaction, suggesting that TGACG sequence is the binding motif in FP-A and -B (Fig. 4) . FP-D and -E were not studied further because they did not appear to be involved in cAMP responsive control of the uPA gene (data not shown).
Cooperativity among FP-A, -B and -C for cAMP induction
To assess the role of each footprint in cAMP responsiveness, the 149 bp Xhol-Nsil fragment or a synthetic oligonucleotide corresponding to these footprints was inserted to either the Nsil or PvuU site (5' side) or the BamHI site (3' side) of the gpt gene in the pSV3gp/ vector. Constructs were then stably transfected into LLC-PK] cells and analyzed in the same manner as described in the legend to Fig. 2 .
The results showed that the 149 bp Xhol-Nsil fragment (-3473 to -3320) conferred cAMP inducibility (8-fold) on the SV40 early promoter (Fig. 5, lane 2 vs lane 1) . The cAMP responsiveness was manifested regardless of the orientation or the location of the fragment with respect to the gpt gene (Fig.  5, lanes 1 to 10) . This fragment conforms to the characteristics of an inducible enhancer as described by Serfling et al. (37) . Dimerization of the fragment in the correct orientation did not enhance the transcription (lane 6 vs lane 5), while dimerization in the opposite orientation enhanced both basal and inducible expression (lane 8 vs lane 7) .
The Xhol-Nsil fragment contains, in addition to FP-A, -B and -C, another footprint (-3456 to -3423) part of which is seen in Fig. 4 . To exclude the possibility that this additional protected region is essential for the cAMP regulation, we made several constructs using synthetic oligonucleotides which span only the three footprints, FP-A+B+C, and tested them for cAMP inducibility. With these constructs we observed a 6-fold induction (Fig. 5, lane 12 vs lane 11) , and like the Xhol-Nsil fragment, dimerization of FP-A+B+C did not enhance the effect (lanes 13, 14 vs lanes 11,12) . We then tested DNA sequences corresponding to each of the individual footprints: FP-A sequence produced little induction (2- SU could directly stimulate the transcription of the uPA gene (19) . These results suggests that phosphorylation events are central in the underlying mechanism. However, it is still not clear how protein phosphorylation modulates gene transcription. In the gel retardation assays the addition of C-SU of cAMP-PK increased the amount of CREB bound to CRE-like sequences without inducing the dimerization of the protein (Fig. 8) , suggesting that the role of CREB phosphorylation by cAMPdependent protein kinase is either to increase its affinity to CRE sequence or to increase the amount of CREB available for DNA binding. The latter possibility is analogous to NF-xB regulation in pre-B cells in which the NF-xB transcription factor is complexed with a specific inhibitor in the cytoplasm. Upon phosphorylation either by protein kinase C or by cAMP-PK, NFxB is released from the inactive complexed and translocated to nuclei (42, 43) . Since the enhancement of protein-binding to the CRE site is found after the addition of catalytic subunh to nuclear extracts, it seems that CREB activation in the cell takes place in the nuclei, possibly as a consequence of the translocation of free catalytic subunit to the nuclei. Elucidation of exact role of CREB phosphorylation by cAMP-PK awaits further investigation.
In contrast to FP-A and -B, the binding of nuclear proteins to FP-C was not enhanced by the C-SU of cAMP-PK; in fact, the formation of minor complexes C2, C3 and C 4 was inhibited, while the major C| complex was not affected. Therefore, it is possible that phosphorylation of FP-C binding protein(s) in these minor complexes is also biologically relevant. At the moment we do not know whether phosphorylation of these proteins modifies the interaction between FP-C complex and FP-A and -B complexes.
Results of our work suggest that the interaction between CREB (or CREB-like protein(s)) and the far upstream enhancer of the uPA gene is regulated at least by two different mechanisms. Firstly, a sequence, FP-C, flanking to the CRE-core sequences, FP-A and -B, increases the affinity of the CREB for the CRE through protein-protein interaction(s). Secondly, protein phosphorylation by cAMP-PK increases the affinity of CREB for the CRE or the availability of CREB for CRE-binding. However, the direct proof of these mechanisms should await the isolation of these binding proteins or corresponding cDNA clones from LLC-PK, cells.
